The release process of phenol blue from a dibutyrylchitin microsphere, prepared with chitin from a silkworm, into an aqueous solution was kinetically analyzed by single microparticle injection/manipulation and absorption microspectroscopy. The distribution ratio and the release rate of phenol blue in the single microsphere/water system were significantly influenced by the pH of the solution. These results are discussed in terms of the protonation of phenol blue and dibutyrylchitin, and the pore and surface diffusion in the pores of the microsphere.
Introduction
Chitin is a biopolymer consisting of N-acetylglucosamine. Microspheres of chitin and its derivatives are used as medical materials for drug-delivery systems, separation materials, etc., [1] [2] [3] [4] [5] [6] [7] [8] since chitin derivatives are nontoxic, biodegradable, and lowcost materials. Studies of the mass-transfer mechanisms in microsphere systems are important for understanding drug release and separation processes. In a drug-delivery system, a drug is often adsorbed on the pore walls in the porous microsphere of a chitin derivative. The release process consists of desorption of the drug from the pore walls, diffusion in the pores, mass transfer from the microsphere into the surrounding solution phase (external mass transfer), biodegradation of the microsphere, etc. Control of the release rate is absolutely necessary in the drug-delivery system, so that a kinetic analysis of the release process is indispensable.
The release rate of a solute from a microsphere into solution is frequently measured for a large number of microspheres. When the release rate is limited by mass transfer in the microsphere interior, the rate depends on the microsphere size. Moreover, the external mass transfer is influenced by both the microsphere size and the microsphere-microsphere distance. Therefore, quantitative analysis of the release rate cannot be performed on the basis of measurements for a large number of microspheres. We developed absorption microspectroscopy combined with a single microparticle injection/manipulation technique, and used it for direct measurements of the mass-transfer rates for single microparticles. 9, 10 Intraparticle diffusion coupled with adsorption/desorption in single porous silica gel and octadecylsilyl (ODS)-silica gel microparticle systems could be kinetically investigated on the basis of a theoretical diffusion model. 11, 12 In the present article, the technique was applied to a kinetic analysis of the release process of a solute from a single dibutyrylchitin microsphere, which was prepared using silkworm chitin. [13] [14] [15] We discuss the release mechanism in the microsphere system.
Experimental

Reagents and chemicals
Dibutyrylchitin microspheres were prepared with chitin isolated from the silkworm pupa exuvia, as previously reported. [13] [14] [15] Briefly, the hydroxyl groups of the silkworm chitin were allowed to react with butyric anhydride using perchloric acid as a catalyst at 25˚C. The dibutyrylchitin dissolved in methanol was emulsified in water at a stirring speed of 400 rpm. Spherical dibutyrylchitin microspheres (microsphere diameter (d) of 30 -500 mm) were then produced by evaporation of the methanol.
Phenol blue (Wako Pure Chemical Industries) was purified by recrystallization from water. Acetic acid (Kishida Reagent Chemicals, 1 M, 1 M = 1 mol/dm 3 
Apparatus
The absorption spectra of phenol blue in single dibutyrylchitin microspheres were measured by the single microparticle injection/ manipulation-absorption microspectroscopy technique.
9,10 A light beam from a Xe lamp (Hamamatsu Photonics, LC5, L8253) was introduced to an optical microscope (Olympus, IX-70) through a pinhole of 100 mm. The light beam was focused onto a single microsphere (spot size of 2 -3 mm) in a buffer solution in a petri dish using an objective lens (Olympus, LUMPlanFl ¥60). The transmitted light beam that passed through the microsphere center was collected by a lens, and the light intensity was detected by a multichannel photodetector (Hamamatsu Photonics, PMA11, C7473-36). The incident light intensity near the microparticle was used as a reference to record the absorption spectrum of phenol blue in the microsphere. For kinetic measurements, microspheres were soaked in a phenol blue/buffer solution of pH 6.9. After the sorption equilibrium of phenol blue between the microspheres and the aqueous solution phase (phenol blue concentration in solution, Cw,eq = 2.0 ¥ 10 -5 M), a single microsphere was sucked into a microcapillary with a tip diameter of ~100 mm, and then injected (<~5 ¥ 10 -9 dm 3 as a solution volume containing the single microsphere in the microcapillary) into a buffer solution of pH 6.9, 4.0 or 10.1 in a petri dish by a microcapillary manipulation/injection system (Narishige, MN-151/IM-16) under an optical microscope. The petri dish was covered using an optically-transparent plastic plate (0.2 mm thickness) and Parafilm. The absorption spectrum of the dye in the single microsphere was measured with time by the absorption microspectroscopy technique. All measurements were performed at 25˚C, maintained by a temperature controller (Kitazato Supply, MD-10RF-O).
The absorption spectra of phenol blue in solution were recorded by a spectrophotometer (Shimadzu, UV-3100PC) at the Chemical Analysis Division, Research Facility Center for Science and Technology, University of Tsukuba.
Results and Discussion
Absorption spectra of single microspheres Figure 1 shows the absorption spectra of phenol blue in single dibutyrylchitin microspheres in aqueous buffer solutions after sorption equilibrium (>15 -20 h). Phenol blue is a solvatochromic dye, and the absorption spectrum significantly depends on the solvent polarity. 16 In homogeneous water, ethylene glycol, or methanol, the absorption maximum (lmax) of phenol blue was 658, 633, or 609 nm, respectively. 17 The lmax of the dye adsorbed on ODS groups on the mesopore walls of the ODSsilica gel in water was 626 nm. 18 As can be seen in Fig. 1 , lmax of the dye in the microsphere was 635 nm. We consider that phenol blue is adsorbed on the pore walls of the microsphere and is partially solvated by the water molecules, analogous to adsorption in the ODS-silica gel/water system. Figure 2 shows the d dependence of the absorbance of phenol blue in single microspheres. If the dye is only adsorbed on the surface of the spherical particle, the peak absorbance should be independent of d. 19 In the present system, however, the absorbance was directly proportional to d. Therefore, phenol blue is sorbed into the microsphere interior.
Because the optical path length is equal to d, the phenol blue concentration in the microsphere at the sorption equilibrium (Cp,eq) was determined based on Lambert-Beer's law. The molar extinction coefficient of the dye at 635 nm (e) in the microsphere was assumed to be equal to that in water at the peak wavelength (658 nm). 18 The distribution ratio of phenol blue (R) was determined from R = Cp,eq/Cw,eq. As shown in Fig. 3 , R was highly dependent of the pH. The R value at pH 4.0 (~60) was much lower than that at pH 6 -8 (~360). At pH 4.0, phenol blue is partially protonated (PBH + ) (negative logarithm of the acid dissociation constant, pKa ~5) and lmax of PBH + was 575 nm in a homogeneous aqueous solution. On the other hand, the shape of the absorption spectrum in the microsphere at pH 4.0 agreed well with that at pH 5 -10 ( Fig. 1) . Only phenol blue as a neutral species (PB) will adsorb on the pore walls. Furthermore, chitin has been reported to be protonated at pH <8 -9. 20 Therefore, the adsorption of PBH + on the positively charged pore walls will be suppressed at a lower pH. At pH 10.1, the R value was ~1/2 times that at pH 6 -8. The adsorption of PB may be influenced by the deprotonated chitin at pH 10. Since the hydrolysis of dibutyrylchitin is expected to proceed in alkaline and acidic solutions, we did not perform measurements at pH >10 and pH <4. Figure 4 shows the time (t) dependence of the absorbance of phenol blue (A(t)) for release from single microspheres into aqueous solution in the absence of a dye (phenol blue concentration in solution, Cw = 0). An increase in Cw during a release measurement was negligibly small (Cw ~0), because the volume of the water phase (3 cm 3 ) was much larger than that of a single microsphere (<~10 -6 cm 3 ). Mass transfer from a microsphere surface to the surrounding solution phase is efficient because of the steady-state spherical diffusion. In the present experiments, the release time (~10 2 min) was so slow that the release rate was not limited by external mass transfer. 9 Moreover, since the adsorption and desorption rates are generally fast, the release rate is expected to be governed by diffusion in the microsphere. The diffusion coefficient of phenol blue in a single microsphere (Do) was determined using the spherical diffusion equation: 
Release from single microspheres
where Cp(r,t) and r are the time dependence of the radial concentration profile of the dye in a microsphere and the radially directed spatial coordinate, respectively. The initial and boundary conditions were Cp(r,0) = Cp,eq, Cp(d/2,t) = 0, and
Cp(r,t)dr) was simulated for
various Do values by a finite form under the conditions of Dt = 0.5 s, Dr = 1 mm, and DoDt/(Dr) 2 <0.5. 10 As shown in Fig. 4 , the observed values were satisfactorily reproduced by the simulated A(t) curves. Although the time required for the complete release of phenol blue from the microsphere decreased with the decreasing d value, the Do value was independent of d within the experimental error.
This result indicates that the ratedetermining step of the release rate is not the adsorption/ desorption and migration, but diffusion in the microsphere. It is noteworthy that Do is independent of the pH ((6 ± 1)¥ 10 -11 cm 2 s -1 ), while R depends on the pH (60 -360) (Fig. 3) . Furthermore, we measured the mass-transfer rates from single microspheres (pH 6.9, Cw,eq = 2.0 ¥ 10 -5 M) into aqueous solutions at pH 4.0 and 10.1 for Cw = 2.0 ¥ 10 -5 M. As shown in Fig. 5 , the absorbance decreased with time to the value estimated from R for the pH of the surrounding water phase. Since the boundary condition was Cp(d/2,t) = 2.0 ¥ 10 -5 M, we simulated the A(t) curves using Eq. (1). In these cases, Do was also (6 ± 1)¥ 10 -11 cm 2 s -1
. Therefore, Do is independent of R as well as the pH.
Pore and surface diffusion in microspheres
The diffusion of a solute in a porous material is frequently analyzed by the pore and surface diffusion model. [22] [23] [24] [25] [26] [27] Pore diffusion is the diffusion in a solution phase of pores, and surface diffusion is the diffusion along the surface of the pore walls. In this model, Do is given as follows for R » 1: 12 Fig. 3 pH dependence of the distribution ratio (R) for phenol blue. 
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where Dw is the diffusion coefficient in the bulk solution phase and Ds is the surface diffusion coefficient. H is the parameter for the steric and hydrodynamic interactions between the solute and the pore walls, dependent on the molecular diameter of the solute (a) and the pore diameter (dp). t (tp and ts) is the tortuosity, defined as the ratio of the length of the curve to the straight distance between its ends. In Eq. (2), the first and second terms correspond to the pore and surface diffusions, respectively. Previously, we reported that the contribution of pore diffusion of a solute with a ~1 nm is much greater than that of the surface diffusion in silica gel (dp = 3 -30 nm) and ODSsilica gel (dp = 12 nm) based on single microparticle measurement analysis. 11, 12, 18 In these systems, Do increased with decreasing R, and was directly proportional to 1/(1 + R). In the present system, however, Do was independent of R. Therefore, diffusion in the dibutyrylchitin microsphere is limited by the surface diffusion, and the contribution of the pore diffusion is negligibly small. We could directly observe the surface diffusion in single microparticle systems for the first time.
For pore diffusion, (DwH/{tp(1 + R)}), Dw/{tp(1 + R)} is estimated to be 10 -10 -10 -7 cm 2 s -1 using the known values of Dw = 10 -6 -10 -5 cm 2 s -1 (typical value for a solute in water), tp = 2 -5, 5 and R = 60 -360. Namely, H should have a small value. For 0 < a/dp < 1, H is given by the following equation:
28 H = 6p(1 -a/dp) 2 /[9/4p 2 2 1/2 (1 -a/dp) -5/2 {1 -73/60(1 -a/dp) + 77293/50400(1 -a/dp) 2 } -22.5083 -5.6117a/dp -0.3363(a/dp) 2 -1.216(a/dp) 3 + 1.647(a/dp) 4 ],
where H = 1 means no hindrance. H decreases with increasing a/dp, and approaches 0 at a/dp ~1. Since the a value of phenol blue is ~1 nm, we consider that the dp value of the dibutyrylchitin microsphere is ~1 nm. On the other hand, when we measured the pore size distribution of the microsphere by the N2 gas BET method, the pores were scarcely detected. Therefore, dp approaches ~1 nm because of swelling of the microsphere by water. Using ts = 2 -5, 5 Ds is estimated to be (1 -3)¥ 10 -10 cm 2 s -1 , which is close to the surface-diffusion coefficient (~10 -10 cm 2 s -1 ) of a dye (a ~1 nm) in a water-swollen cellulose membrane (dp = 1.19 nm), 24 similar to the microscopic structure of chitin.
Conclusions
The release mechanism of phenol blue from a dibutyrylchitin microsphere into the water phase was studied by the single microparticle injection/manipulation-absorption microspectroscopy technique. R was highly dependent on the pH of the solution because of the protonation of phenol blue and dibutyrylchitin. The release rate could be analyzed on the basis of the diffusion model, and Do was independent of the pH and R. According to the pore and surface diffusion model, the results showed that diffusion in the dibutyrylchitin microsphere is limited by the surface diffusion. It is concluded that the present technique can be sufficiently applied to mechanistic analyses of mass-transfer processes in a microsphere system, such as a drug-delivery system.
